DNA methylation is an important regulator of genetic information in species ranging from bacteria to humans. DNA methylation appears to be critical for mammalian development because mice nullizygous for a targeted disruption of the DNMT1 DNA methyltransferase die at an early embryonic stage. No DNA methyltransferase mutations have been reported in humans until now. We describe here the first example of naturally occurring mutations in a mammalian DNA methyltransferase gene. These mutations occur in patients with a rare autosomal recessive disorder, which is termed the ICF syndrome, for immunodeficiency, centromeric instability, and facial anomalies. Centromeric instability of chromosomes 1, 9, and 16 is associated with abnormal hypomethylation of CpG sites in their pericentromeric satellite regions. We are able to complement this hypomethylation defect by somatic cell fusion to Chinese hamster ovary cells, suggesting that the ICF gene is conserved in the hamster and promotes de novo methylation. ICF has been localized to a 9-centimorgan region of chromosome 20 by homozygosity mapping. By searching for homologies to known DNA methyltransferases, we identified a genomic sequence in the ICF region that contains the homologue of the mouse Dnmt3b methyltransferase gene. Using the human sequence to screen ICF kindreds, we discovered mutations in four patients from three families. Mutations include two missense substitutions and a 3-aa insertion resulting from the creation of a novel 3 splice acceptor. None of the mutations were found in over 200 normal chromosomes. We conclude that mutations in the DNMT3B are responsible for the ICF syndrome.
DNA methylation ͉ somatic cell complementation ͉ consanguinity ͉ RNA splicing I CF syndrome (Mendelian Inheritance in Man 242860) is a rare autosomal recessive disease characterized by a variable immunodeficiency, mild facial anomalies, and centromeric decondensation-chromosomal instability involving chromosomes 1, 9, and 16, (1, 2) . Of the few molecular findings reported, the most consistent is hypomethylation of the satellite 2 and satellite 3 regions of chromosomes 1, 9, and 16 (3) . Although global methylation patterns appear to be in the normal range (4), other regions of heterochromatin, such as the centromeric ␣ satellite repeats (5) and the inactive X (6, 7), may also be hypomethylated. An ICF locus has been mapped to the proximal long arm of chromosome 20 by examination of consanguineous ICF kindreds (8) , but little is known about the etiology of this syndrome.
Genomic methylation patterns play important roles in genome structure and expression, but the processes that determine these complex patterns are, at best, only partially understood (9) (10) (11) (12) .
The ICF syndrome appears to offer an important model for understanding some of these phenomena, prompting us to undertake studies leading to the identification of the defective ICF gene. Because a previous study suggested that the cytogenetic defects in ICF cells could be complemented by fusion to normal cells (13) , we explored the possible complementation of the ICF methylation defect by somatic cell hybridization as an approach toward identifying the defective gene. We report here that introduction of ICF chromosomes into Chinese hamster ovary (CHO) cells by cell fusion results in the de novo methylation of their satellite 2 and satellite 3 sequences.
This complementation result led us to examine the ICF locus on chromosome 20 for the presence of a DNA methyltransferase possessing de novo activity (i.e., active on duplex DNA with both strands unmethylated). The predominant DNA methyltransferase in mammalian cells is DNMT1 (MCMT1) (14) , but it is much more active toward hemimethylated than unmethylated DNA duplexes, and the gene is located on human chromosome 19 (15) . In the mouse, Dnmt3a and Dnmt3b are two DNA methyltransferases that catalyze the methylation of unmethylated and hemimethylated substrates with equal efficiency (16) . We identified a human genomic sequence that contains the homologue of the murine Dnmt3b gene and maps to the chromosome 20 ICF locus. We then screened ICF families for DNMT3B mutations. In four ICF patients from three families, we found three different mutations that cause alterations in, or adjacent to, conserved methyltransferase motifs, and these mutations occur in regions shared by all known splice variants of the enzyme.
Materials and Methods
Clinical and Pathological Phenotypes of the ICF Kindreds. The clinical and pathological phenotypes of the four affected members of the three kindreds studied have been described previously. All affected individuals exhibit the classical features of variable immunodeficiency, chromosomal instability involving chromosomes 1, 9, and 16, and mild facial anomalies. The P1 and P2 ICF cases in the Dutch Caucasian Family 1 and the P3 case in the Turkish Family 2 were described by Wijmenga et al. (8) ; the P4 case (cells designated GM08714 or GM08747) in the North American Caucasian Family 3 (GM08728, mother; GM08729, father) was described by Carpenter et al. (17) . P1 and P2 came from a consanguineous union, the parents having a common ancestor five generations ago; P3 came from a first cousin marriage; no evidence of consanguinity was found for Family 3 (P4 case) by Carpenter et al. (17) .
Cells and Cell Culture. The ICF cells used for analysis included lymphoblastoid cells from the P1 male (P1 lymphoblasts), fibroblasts from the P3 female (P3 fibroblast), lymphoblasts (P4 lymphoblast or GM08714) and fibroblasts (P4 fibroblast or GM08747) from the P4 female, lymphoblasts from P4's mother (GM08728 lymphoblasts), and lymphoblasts from P4's father (GM08729 lymphoblasts). GM08747, GM08714, GM08728, and GM08729 were furnished by the Coriell Cell Repositories (Camden, NJ). Control fibroblasts were furnished by G. Martin
Abbreviations: CHO, Chinese hamster ovary; RT, reverse transcription; SNP, single nucleotide polymorphism.
(University of Washington) and control lymphoblasts by W. Raskind (University of Washington). Lymphoblasts and fibroblasts were cultured as described (18, 19) .
Somatic cell hybrids containing chromosomes with human satellite 2 and satellite 3 sequences from GM08714 ICF lymphoblasts were obtained by polyethylene glycol-mediated fusion of the lymphoblasts with CHO-YH21 hamster cells (20) essentially as described (21) . Attached cells were selected for resistance to hypoxanthine, aminopterin, thymidine (HAT) medium, were cloned by limiting dilution into 96-well microtiter plates, and were expanded and analyzed with specific probes for satellite 2 and 3 sequences by Southern blot analysis. Satellite probes were obtained from genomic DNA by linear amplification with the S.2 primer for the satellite 2 probe or the S.3 primer for the satellite 3 probe (22) .
Determination of DNMT3B Coding Sequence and Genomic Structure.
The protein sequence of the murine Dnmt3b gene (GenBank accession no. AF068626) was used to search the Sanger Centre chromosome 20 sequence data for homologous genes by using TBLASTN at their chromosome-specific BLAST ser ver (http:͞͞www.sanger.ac.uk͞HGP͞Chromblastserver.shtml). Unfinished sequence data containing 12 unordered segments for the P1 artificial chromosome clone dj1085F17 was found to contain coding sequences with high similarity to the murine gene. The segments were ordered by using homology and gene prediction programs (primarily GENSCAN, http:͞͞CCR-081.mit.edu͞GENSCAN.html) to yield a sequence containing the full length coding region of the human DNMT3B. The predicted RNA sequence and genomic structure were used to synthesize oligonucleotides for DNA and cDNA amplification to verify the sequence and to screen ICF samples for mutations (primer sequences are available in Table 2 , published as supplemental data on the PNAS web site, www.pnas.org). The ordered genomic sequence was later verified in the finished sequence release (GenBank accession no. AL035071); the deduced mRNA sequence and gene structure for the coding region was verified by reverse transcription (RT)-PCR and is identical to that recently deduced from overlapping cDNA clones (GenBank accession no. AF156488) (23) with the additional finding of two exonic single nucleotide polymorphisms (SNPs) in exon 14 that were frequently observed (see Table 1 ; the first coding exon was named exon 1 because the upstream exons predicted by GENSCAN and other programs had weak probability scores and could not be verified by RT-PCR analysis).
Mutation Screening. DNA or RNA was extracted from ICF and normal cells, and PCR or RT-PCR analysis was performed as described (24) . The DNMT3B coding sequence was amplified by PCR from cDNA and͞or DNA by using cycling parameters of 94°for 1 min, 60°for 1 min, and 72°for 2 min. Amplimer sequences were usually determined directly from products purified by using Qiaquick PCR purification kit (Qiagen, Valencia, CA). Cycle sequencing was performed by using the ABI PRISM BigDye Terminator kit (PE Biosystems, Foster City, CA), with either the forward or the reverse primer of the PCR product; the products were analyzed on an ABI PRISM 377XL sequencer (PE Biosystems). In samples containing multiple RT-PCR products because of alternative splicing and͞or heterozygous splicing mutations, the products were cloned into the pCR2.1 vector according to the manufacturer's instructions (TA cloning kit, Invitrogen) and were sequenced with a vector primer (M13-R4, 5Ј-tgtgagcggataacaatttcacacagg-3Ј or M13-F3, 5Ј-tcccagtcacgacgttgtaaaacgacg-3Ј). Alternatively spliced regions yielding low abundance RT-PCR products were also examined by amplification of exonic regions from DNA. In addition to the partial sequences obtained from cDNA products, the first coding exon (exon 1) was also sequenced from a DNA amplimer. Codon numbers and cDNA positions for mutations refer to the largest splice isoform, 3B1 (GenBank accession no. AF156488), with position 1 of the cDNA being the first nucleotide of the initiating ATG codon. A mutation in intron 21 was evaluated for altering RNA splicing by using GENSCAN and NNSPLICE0.9, a neural network splice prediction program (www.fruitfly.org͞seqtools͞ splice.html).
Rapid screening of control DNAs for the mutations identified was done by restriction analysis of PCR products. Digestion was performed on 10-to 25-l PCR product adjusted to 10 mM MgCl 2 by using 7.5-15 units of restriction enzyme (New England Biolabs) for 2 hr at the manufacturer's suggested temperature. Control DNAs were from unrelated, unaffected Caucasians from North America and the Netherlands, totaling 105 individuals for the A603T mutation, 160 individuals for the V726G mutation, and 105 individuals for the intron 21 splice mutation. Haplotype analysis for Family 3 was performed with 17 markers as described (8) .
Results

Complementation of the ICF Hypomethylation Defect at Satellite 2
and Satellite 3 Loci. The cytogenetic abnormalities of stretching, breakage, association, and fusion found for satellite 2 and satellite 3 regions of chromosomes 1, 9, and 16 are associated with abnormal hypomethylation of these regions (7) . Cytogenetic abnormalities appear to be at least partially mitigated by somatic cell fusion to normal cells (13) . To further explore somatic cell complementation in ICF, we fused P4 ICF lymphoblasts (GM08714) with CHO-YH21 fibroblasts and tested hybrid clones for the presence and methylation status of human satellite 2 and satellite 3 sequences. These sequences are hypermethylated in normal fibroblasts and lymphoblasts (Fig. 1) . We found seven clones with strong satellite 2 and͞or satellite 3 signals by Southern blot analysis, and these sequences had become hypermethylated at HpaII and BstBI sites in all cases ( Fig. 1 ; data not shown). We presumed that this de novo methylation resulted from complementation of the defective human ICF gene with a functional hamster homologue and sought to identify and localize genes for DNA methyltransferases with de novo activity (active toward substrates with both strands unmethylated).
Sequence and Structure of the Human DNMT3B Gene. MT3␣ and MT3␤ are two highly homologous mouse DNA methyltransferases with de novo activity that were recently identified (16) . Because the ICF locus maps to the proximal long arm of chromosome 20, we searched the unfinished chromosome 20 sequence data at the Sanger Centre for similarity to these enzymes and identified a P1 artificial chromosome sequence (dj1085F17) containing a full length coding sequence highly homologous to the murine Dnmt3b gene. The Sanger Centre localized the PAC to 20q11.2 by fluorescence in situ hybridiza- tion analysis, a region consistent with ICF mapping data. In addition, stSG20534͞SHGC-15969 is an STS within the DNMT3B gene that has been localized by radiation hybrid mapping to the ICF region near D20S187 (http:͞͞www.sanger-.ac.uk͞HGP͞mapping.shtml). We verified that the DNMT3B sequence predicted by using murine homology and GENSCAN information was accurate by sequencing RT-PCR and PCR products amplified with derived primers (see Materials and Methods). Xie et al. (23) recently described the same coding sequence obtained from their overlapping cDNA clones and also localized the gene to 20q11.2. The gene was also mapped to 20q11.2 by Robertson, et al. (25) . The gene is composed of 22 coding exons and two major regions of alternative splicing (Fig. 2) . The different splice forms we observed agree with those reported previously in mouse (16) and human (23, 25) cells (Fig. 2) . The predominant splice variant we detected in lymphoblastoid cells and normal fibroblasts lacks exons 9, 20, and 21 (the 3B3 isoform).
ICF Patients Have Mutations in DNMT3B.
We examined the DNMT3B gene for mutations in ICF patients primarily by sequencing RT-PCR products from derived lymphoblasts and fibroblasts. The amount of DNMT3B expression was normal in ICF patients for all products examined. Exonic sequence was also examined by DNA amplification in regions of alternative splicing. Several silent exonic and intronic SNPs were discovered in normal and ICF cells that appear to be highly polymorphic ( Table 1 ). The DNMT3B gene is not imprinted in lymphoblasts or fibroblasts because we found expression of exonic SNPs to be biallelic in all informative cases.
In addition to these SNPs, three ICF-specific mutations were discovered: a 2177T 3 G mutation in exon 19 corresponding to a Val726Gly missense substitution that is homozygous in the two affected brothers of Family 1 (Fig. 3) ; an IVS21-11G 3 A transition at a CpG dinucleotide in intron 21 that is homozygous in the P3 patient of Family 2 (Fig. 4) and heterozygous in the P4 patient of Family 3 (Fig. 5) ; and a 1807G 3 A transition at a CpG dinucleotide in exon 16 that corresponds to an Ala603Thr missense mutation that is heterozygous in P4 (Fig. 5) .
The GENSCAN and NNSPLICE computer programs predict that the intron 21 mutation creates a new splice acceptor site for exon 22 that is nine nucleotides 5Ј of the normal splice acceptor site, thus resulting in a SerThrPro insertion before codon 807. The P4 compound heterozygote received the Ala603Thr mutation from the mother, but the splice site mutation was not detected in the father (Fig. 5) , suggesting that it occurred in his germline. Paternity for P4 was verified by haplotype analysis with 15 informative markers on chromosome 20, and the splice site mutation in P4 was verified to be on the paternal chromosome by DNMT3B sequence analysis in P4-derived somatic cell hybrids (data not shown). We developed methods for restriction enzyme analysis of these mutations to rapidly screen DNAs for their Fig. 1 . Complementation of the ICF satellite hypomethylation defect after somatic cell hybridization. Satellite 2 sequences were examined for methylation status in the P4 ICF family and in somatic cell hybrid clones derived from fusion of P4 lymphoblasts to CHO cells. DNAs were digested with either the methylation-sensitive enzyme HpaII or its methylation-insensitive isoschizimer, MspI. In normal lymphoblasts, the satellite sequences are resistant to HpaII digestion whereas MspI digestion results in a ladder of fragments. This pattern indicates that these satellites are normally hypermethylated at HpaII sites. The ICF HpaII digestion patterns, in contrast, are very similar to those of MspI, indicating that the satellites are hypomethylated. All seven somatic cell hybrid clones derived from P4 lymphoblasts that contained human satellite 2 sequences were more resistant to HpaII digestion than in the ICF patient (14-IC3, 14-ID1, 14-ID4, and 14-IA2 are shown), indicating that they had become de novo methylated in the CHO cell background. Fig. 2 . Structure of the human DNMT3B gene. Genomic sequence, protein homology to the murine Dnmt3b gene, and cDNA sequence from RT-PCR analysis were used to determine the genomic structure of the human DNMT3B gene. Alternative splice forms were detected by RT-PCR and are depicted according to data obtained from mouse (16) and human (23, 25) cDNA clones. The exon-intron boundaries that we determined agree with those recently described by Xie et al. (23) . Splice forms were named according to Robertson et al. (25) . Fig. 3 . Homozygous DNMT3B mutation in ICF Family 1. Family 1 is a consanguineous Dutch kindred with two affected brothers (P1 and P2) that was described previously (8, 40) . (A) A homozygous T to G transversion in codon 726 (2177T 3 G) was detected in the cDNA of P1 (mt3b-14f:15r product) that changes valine to glycine. (B) An assay was developed to rapidly screen human populations for this mutation. Digestion of the 3bx19 gt-f:mt3b-20r PCR product with EcoNI only occurs with the mutant allele, as seen for Family 1 members in which the father (F1) and mother (M1) are heterozygous and the two affected children (P1 and P2) are homozygous for the mutation (DNAs were derived from blood cells, except P1-LB, which is from a lymphoblastoid cell line used in screening cDNA for mutations; nrml is a normal control).
presence (Figs. 3B, 4B , and 5C), and none were found in over 200 chromosomes from unrelated individuals (data not shown).
The three mutations are predicted to affect all major splice forms of DNMT3B, and this was verified for most of the variants by RT-PCR analysis. As in normal cells, the 3B3 isoform is the major splice variant detected in ICF cells. The intron 21 mutation was found to correlate with the presence of an abnormal 3B3 RT-PCR product that migrates slower than normal in agarose gels, consistent with the prediction of a new splice site (Fig. 6A) . The mutant splice site is apparently very efficient because the normal 3B3 product is absent in the P3 homozygote and the mutant product is about as abundant as the normal one in P4. Sequence analyses of the 3B1, 3B3, and 3B4 RT-PCR products from P3 and P4 reveal that the aberrant band contains nine extra nucleotides (TACCCCCAG) at the 5Ј end of exon 22, in agreement with GENSCAN and NNSPLICE predictions ( Fig. 6B ; data not shown). NNSPLICE predicts a good score of 0.75 for the normal splice site in either the normal or mutant contexts, but the new splice site in the mutant has the much better score of 0.97 using mt3b-23f:23r input sequences. Because the normal splice site was not used in cells from the P3 homozygote, the mutation appears to create an efficient splice acceptor that out competes the normal one downstream.
All of the ICF mutations occur in gene regions that are invariant among the DNMT3-like methyltransferases that have been identified in zebrafish, mice, and humans and are within or near regions of similarity to certain bacteriophage methyltransferases ( Fig. 7 ; data not shown). In addition, these mutations are in the catalytic domain of the enzyme and are within or near motifs present in most m5 C-methyltransferases (23, 26) . The Ala603Thr mutation occurs just adjacent to methyltransferase motif I, a region thought to be involved in binding the AdoMet cofactor. The V726G mutation occurs in a region with weak similarity to motif VIII, and the in-frame SerThrPro insertion occurs in the middle of motif IX. The motif VIII to IX region is known to be important for interaction with DNA in many methyltransferases and is the major determinant of target site specificity for monospecific and multispecific m5 C-methyltransferases (27) .
Discussion
We have detected mutations in the human DNMT3B gene in four ICF patients. None of the mutations were found in over 200 chromosomes of unaffected, unrelated individuals. The syndrome and the gene map to the same 9-centimorgan region on chromosome 20 and the basic molecular abnormality found in ICF is hypomethylation. All of the detected mutations are expected to affect DNA methyltransferase activity as they occur in, or adjacent to, conserved cytosine methyltransferase motifs, and the two missense mutations are at invariant amino acid positions in all known DNMT3-like enzymes present in zebrafish, mice, and humans. We conclude, therefore, that the DNMT3B mutations observed in patients are the likely underlying cause of their ICF phenotypes.
The only other mammalian DNA methyltransferase mutations known are those made in Dnmt1 knockout mice, and the null mutation is embryonic lethal (28) . Because the DNMT3B methyltransferase should have major de novo activity (16), one might also expect lethality from a null mutation in this gene. The ICF phenotype, however, is relatively mild, implying that the ICF mutations may be hypomorphic. This idea is consistent with our observations of normal DNMT3B mRNA levels in ICF patients and mutations that are missense or in-frame insertions rather than truncations or reading frame alterations.
A potential effect of these mutations could be to alter the specificity of the enzyme such that it no longer recognizes certain classes of substrates, such as the satellite sequences cited here. There are several splice variants of DNMT3B in mice and humans, and the murine 3B1 and 3B2 isoforms were shown to lack specificity for sequences other than CpG (16). The 3B3 Fig. 4 . Homozygous DNMT3B mutation in ICF Family 2. Family 2 is a consanguineous Turkish kindred with an affected female proband (P3) described by Wijmenga et al. (8) . In P3 of Family 2, a homozygous CpG to CpA transition (IVS21-11G 3 A) was detected 11 nucleotides upstream from the normal 5Ј splice acceptor site for exon 22 in the mt3b-23f:23r PCR product. The mutation can be detected by HpaII analysis of the product; normal alleles are digested by HpaII, but the mutant one is not. The father (F2) and mother (M2) of P3 are both heterozygous for the mutation and the two unaffected daughters homozygous for normal alleles. The mutation creates an AG dinucleotide that is predicted to create a new splice acceptor site that retains nine intronic nucleotides at the 5Ј end of exon 22. Fig. 4 for Family 2 was also found on one P4 allele in the mt3b-23f:23r PCR product. (B) A CpG to CpA transition in codon 603 (1807G 3 A) was detected on one P4 allele (mt3b-11f:11r RT-PCR product) that changes alanine to threonine. This mutation is present in the mother (M3) but not the father (F3). (C) The IVS21-11G 3 A mutation was analyzed by HpaII digestion as described in Fig. 4 . The 1807G 3 A mutation can be detected by the ability of Tsp45I to digest the mt3b-19f:19r PCR product; normal products are not digested.
isoform has not been tested and could be important for satellite 2 and 3 methylation. The Val726Gly substitution and SerThrPro insertion mutations are both adjacent to the region deleted in the 3B3 isoform and could specifically alter the activity of this form of the enzyme. The 3B4 and 3B5 variants are probably not functional because they introduce truncating stop codons and͞or reading frame alterations (25) .
Our complementation studies suggest that de novo methylation of satellites by DNMT3B in somatic cells serves an important cellular function. The methylation of satellites and other heterochromatic regions may not be as well maintained by DNMT1 as are other genomic regions, and these regions may require more de novo methylation than other regions to maintain a hypermethylated state. Thus, the role of DNMT3B in somatic cells could be to restore methylation status at sites that are not faithfully remethylated by the maintenance methylation system. DNMT3B could also be targeted to heterochromatic or repetitive regions by specific protein-protein interactions. Mutations in the masc1 DNA methyltransferase in Ascobolus, for example, are associated with the specific loss of the targeted de novo methylation of repeated sequences (29) .
Though the ICF phenotype is not severely abnormal, affected individuals exhibit a range of alterations. The pericentromeric decondensation is a consistent feature that is readily understood in terms of hypomethylation. In fact, the similarity of the cytogenetic features of ICF to 5-azacytidine-induced cytological abnormalities in normal cells (30, 31) led investigators to look for hypomethylation in centromeric regions of ICF. Abnormal pairing of the affected centromeric regions also occurs in ICF somatic cells. This phenomenon is reminiscent of meiosis in which heavily methylated regions are demethylated to allow for synapsis (32) . In the case of somatic cells, however, hypomethylation of limited regions, such as satellites 2 and 3, creates an abnormal cytological conformation. This effect of hypomethylation illustrates the importance of methylation for chromatin organization. RT-PCR products in P3 and P4 cDNA contain a larger 3B3 product than normal, correlating with the presence of the intron 21 mutation. (B) A 9-nt addition to exon 22 in P3 and P4 cDNA. Sequence analyses of RT-PCR products corresponding to 3B3 (mt3b-14f:14r) and 3B4 (mt3b-13f:13r; not shown) indicate that the intron 21 mutation creates a new splice acceptor site that adds nine nucleotides to the 3Ј end of exon 22, effectively creating an insertion of SerThrPro just before Arg 807. Fig. 7 . DNMT3B mutations occur at positions that are invariant in DNMT3-like methyltransferases and are within or near motifs that are conserved in most cytosine methyltransferases. DNMT3-like methyltransferases identified in zebrafish (GenBank accession no. AF135438), mice (GenBank accession nos. AF068625 for Dnmt3a and AF068626 for Dnmt3b), and humans (GenBank accession nos. AF067972 for DNMT3A and AF156488 for DNMT3B) are compared in the regions in which ICF mutations were found. Sequences were aligned with CLUSTALW 1.7 (http:͞͞dot.imgen.bcm.tmc.edu:9331͞multi-align͞multi-align.html) and were analyzed by BOXSHADE 3.21 (http:͞͞www. isrec.isb-sib.ch:8080͞software͞BOXform.html). The mutations detected in the 3 ICF families are depicted above the aligned sequences in boxes. Regions that are similar to conserved DNA methyltransferase motifs are also depicted above the alignment (dotted line indicates that motif VIII similarity is weak). Key for amino acid comparisons: red, identical; blue, conservative differences; black, nonconservative differences.
Another interesting feature of ICF patients is a generalized immunodeficiency leading to respiratory infections. The rearrangements that are critical in B cell development could be disturbed if nonspecific hypomethylation occurred within the rearrangement regions (33, 34) . The other general phenotype in ICF is referred to as facial anomalies, the type of feature that leads pediatricians to call for a cytogenetic analysis. These are the types of abnormalities found in aneuploidies that have been largely explained by dosage phenomena. There is no evidence of aneuploidy in ICF individuals. How, then, can this phenotype result from an abnormal methyltransferase? One possibility is that the regulation of several critical genes is disrupted either directly or indirectly by hypomethylation. For example, the chromatin organization of the satellite regions may have position effects on the expression or repression of closely linked genes important for development, and hypomethylation of these satellites could disturb the expression patterns of such genes. A similar phenomenon may be occurring in other diseases, such as Roberts syndrome (Mendelian Inheritance in Man 268300) (35, 36) , that involve abnormalities in centromeric heterochromatin.
DNA methylation is widespread; very few organisms lack it, and, among those, remnants of methyltransferases are present that may now carry out other functions (37, 38) . In addition to the ICF syndrome, the Rett syndrome is another human disease that has recently been found to involve an apparent deficiency in the methylation system in that mutations were found in MECP2, an epigenetic regulator that specifically binds to methylated DNA (39) . One of the most interesting and unexplained features of methylation is the complexity of the methylation patterns (10) . Analysis of mutant methyltransferases, such as the DNMT3B forms found in the ICF syndrome, may well shed light on these complexities.
